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Summary

Aquifers are poroelastic bodies that respond to strain by changes in pore pressure. Crustal
deformation due to volcanic processes induces pore pressure variations that are mirrored in well
water levels. Here, we investigate water level changes in the Belham valley on Montserrat over
the course of two years (2004-2006). Using finite element analysis, we simulate crustal
deformation due to different volcanic strain sources and the dynamic poroelastic aquifer response.
While some additional hydrological drivers cannot be excluded, we suggest that a poroelastic
strain response of the aquifer system in the Belham valley is a possible explanation for the observed
water level changes. According to our simulations, the shallow Belham aquifer responds to a
steadily increasing sediment load due to repeated lahar sedimentation in the valley with rising
aquifer pressures. A wholesale dome collapse in May 2006 on the other hand induced dilatational
strain and thereby a short-term water level drop in a deeper-seated aquifer, which caused
groundwater leakage from the Belham aquifer and thereby induced a delayed water level fall in
the wells. The system thus responded to both gradual and rapid transient strain associated with the
eruption of Soufriére Hills Volcano (Montserrat).

This case study gives field evidence for theoretical predictions on volcanic drivers behind
hydrological transients, demonstrating the potential of hydrological data for volcano monitoring.
Interrogation of such data can provide valuable constraints on stress evolution in volcanic systems
and therefore complement other monitoring systems. The presented models and inferred results

are conceptually applicable to volcanic areas worldwide.

Keywords: Hydrology, Numerical modelling, VVolcano monitoring, Fracture and flow,

Permeability and porosity, Transient deformation
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1 Introduction

Hydrological systems can respond to or modify the expression of magmatic processes or
become an agent of volcanic unrest themselves, resulting in observable transients in volcano and
hydrological monitoring systems (e.g., Rouwet et al., 2014, Newhall et al., 2001, Jasim et al.,
2018). If we understand the underlying mechanisms, we can integrate hydrological observations
with other volcano monitoring systems to get a more complete picture of volcanic processes and
related hazards and their interactions with the local hydrology.

Changes in water levels in wells, springs, and lakes have been reported in association with
eruptions at many volcanoes of different kinds and in various settings (e.g. Newhall et al., 2001,
and references therein). Several volcanic drivers have been proposed as causes for these changes,
including the injection of fluids derived from magmatic degassing into the aquifer (Capasso et al.,
2014) or changes in groundwater flow patterns e.g. through the opening and closure of fractures
(Hautmann et al., 2010, Hurwitz and Johnston, 2003).

An often-proposed mechanism behind changes in well water levels are strain-induced
changes in pore pressure. Aquifers are poroelastic media, i.e. the solid matrix behaves elastically,
but is coupled to the pore fluid and its flow. Poroelastic media react to applied volumetric strain
like a confined sponge: pore pressure rises under compression and falls during dilatation owing to
the decrease and increase in pore space, respectively (Wang, 2000). Conversely, the presence of
pore fluids also affects the deformation of the solid matrix and variations in pore pressure deform
the surrounding matrix (Wang, 2000). Changes in water levels due to pore pressure changes
resulting from seismic strains before, during or after earthquakes have been widely observed (e.g.
Roeloffs, 1996, Shibata et al., 2010, Kopylova and Boldina, 2012, Takahashi et al., 2012, Brodsky

et al., 2003).
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Previous work on poroelastic processes at volcanoes almost exclusively considered ground
deformation induced by pressure changes in hydrothermal systems, a process commonly studied
with one-way coupled numerical models (e.g. Todesco et al., 2004, Fournier and Chardot, 2012,
Coco et al., 2016). Less studied are poroelastic responses of aquifers to volcanic processes such as
reservoir pressure changes, which frequently cause stress changes in the surrounding crust. Some
attempts at interpreting pre-, syn- and post-eruptive water level changes in the light of volcanic
strain have been performed for example at Usu and Meakan-dake volcano in Japan (e.g. Yokoyama
and Seino, 2000, Takahashi et al., 2012) and Krafla volcano in Iceland (Stefansson, 1981). By
tracing water level changes in response to known strain excitations, the strain sensitivity, i.e. the
well level change per unit applied strain, of an aquifer can be quantified. This method is common
in studies of seismically-induced water level changes and was applied by several volcanological
studies (e.g. Matsumoto et al., 2002, Kopylova and Boldina, 2012, Shibata et al., 2010) in order to
derive crustal strain from observed strain-induced water level changes.

Only a few, very simple poroelastic problems have been solved analytically, for example
the compression of a homogeneous, water-saturated block (e.g. Rice and Cleary, 1976). For more
complex problems, e.g. with heterogeneous media and/or more sophisticated deformation sources,
and for the investigation of time-dependent fluid-flow effects, a numerical approach is necessary.
Strehlow et al. (2016) present the first fully-coupled, time-dependent numerical models for
poroelastic water level changes at volcanoes. Using finite element analysis, they simulate crustal
deformation accompanying magma chamber pressurization and the resulting significant hydraulic
head changes as well as flow through the porous aquifer.

Following the theoretical analysis of Strehlow et al (2016) that includes a detailed

sensitivity analysis, this paper provides the first step towards application of these models in
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volcano monitoring. After an introduction to the study site, i.e. the island of Montserrat, West
Indies, and its volcanological and hydrological system, we report volcanic activity and observed
water level changes in 2004-2006. This period was chosen as the focus of this study since both
hydrological and volcano monitoring data are available, and the time frame covers an intra-
eruptive quiescent period from July 2003 to July 2005, the renewal of lava extrusion in August
2005 and the formation and partial explosive destruction of a new dome (Odbert et al., 2014a). We
suggest that these water level variations are caused by volcanic strain and present results of
numerical models that are applied to test our hypotheses. Limits and implications of these results
are discussed, and we finally conclude that well level changes on Montserrat are indeed at least

strongly affected by volcanic processes acting on different time-scales.

2 Setting

2.1 Geology of Montserrat

Montserrat is a small (sized 16 km x10 km) volcanic island located in the north of the
Lesser Antilles inner volcanic arc (Fig. 1). The island consists of three volcanic centres that
decrease in age from north to south, i.e., from the extinct Silver Hills and Centre Hills to the

youngest Soufriere Hills VVolcano.

The northernmost volcanic complex Silver Hills (SH) was active 2.6 to 1.2 million years
ago, while the Centre Hills (CH) were erupting about 950 to 550k years ago (Harford et al., 2002).
The remnants of the old andesitic volcanic domes from the extinct volcanic centres SH and CH
are today dominating surface expressions on the island. Their flanks are surrounded by aprons of
volcaniclastics, which are predominantly pyroclastic flow deposits, with lesser amounts of pumice-

and-ash-flow, pumice-fall, lahar, debris-avalanche and fluvial deposits (Shalev et al., 2010;
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Hautmann et al., 2013). The volcaniclastic beds are intersected by radially incised valleys that are

formed by run-off from heavy rainfall (Hemmings et al., 2015a).

The active Soufriére Hills Volcano (SHV) in the south of Montserrat is an andesitic dome-
building volcano that first started erupting 175k years ago (Harford et al., 2002). After an
approximately 370 years period of dormancy (Kokelaar, 2002), renewed activity began in 1995.
Since then, SHV has undergone various cycles of lava dome extrusions and discrete Vulcanian
explosions alternating with phases of volcanic quiescence and cessation of dome growth (i.e.,
Odbert et al., 2014b). Episodes of surface activity are typically related with ground deflation, while
periods of quiescence are associated with a re-pressurization of the subsurface magmatic system
and a consequent ground inflation. After a partial dome collapse in 2010, which marked the last
major activity to date, the volcano entered a new episode of continuous surface inflation that is

still ongoing at time of this writing.

The two volcanic complexes CH and SHV are geologically separated by the ESE trending
Belham Valley fault (BVF). The BVF is part of a larger fracture system that connects the
Bouillante-Montserrat graben between Guadeloupe and Montserrat in the east with the Montserrat-
Havers Fault System that extends to the west of Montserrat (Feuillet et al., 2010). The fault appears
to be currently inactive: there is an absence of earthquakes in the historic record and repeated
electronic distance measurements indicate a lack of movements along the fault (MVO, pers.
comm.). The Belham Valley, which is the morphological expression of the BVF, is a major
drainage channel that has been filled with >12 m lahar and pyroclastic deposits since the beginning

of the SHV eruption (Froude, 2015).

2.2 The SHV magmatic system



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

The analysis of geodetic data from different volcanic activity phases of SHV allowed for
the identification and characterization of three connected pressure sources in the crust (e.g. Odbert
etal., 2014b). Assembling these inferred sources gives a model of a magma plumbing system that
consists of two vertically-stacked magma chambers that link to the surface via a dyke-conduit
feeder system (i.e., Hautmann et al., 2013, 2014). The lower magma chamber (LMC) has been
found to be prolate with its centroidal source depth located at ~13 km bsl (Hautmann et al., 2010),
while the upper magma chamber (UMC) has been inferred to be spherical, centred at ~6 km depth
(Voight et al., 2006). Independent studies on magma flow dynamics, seismic tomography and
strain data inversion constrained the UMC:LMC magma chamber volume ratio to 1:3, whereof the
LMC is estimated to have a size of 8 kms (Paulatto et al., 2012; Hautmann et al., 2013; Melnik and
Costa, 2014). A NW-SE trending dyke that opens at ~1 - 1.5 km depth into a small cylindrical
conduit connects the UMC with the surface (Mattioli et al., 1998; Costa et al., 2007; Hautmann et

al., 2009; Linde et al., 2010; Gottsmann et al., 2011).

2.3 Hydrology and the Belham aquifer

The hydrological system of Montserrat is characterized by high-yielding springs on the
upper flanks of the extinct CH and low-lying coastal aquifers in the volcaniclastic aprons
(Hemmings et al., 2015a). High infiltration rates limit the surface run-off on Montserrat and
streams exist only during and shortly after intense rainfall events, when water flows through deep
valleys towards the sea. Rainfall occurs throughout the year but follows a clear seasonality. The
wet season ranges from July to November with the highest precipitation values in September to
November, and the dry season spans from February to April (Hemmings et al., 2015a). Even
though infiltration rates are high, high rates of interception and evapotranspiration significantly

reduce the percentage of precipitation that reaches the ground to recharge. Additionally, there is
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significant run-off during the very large rainfall events, which further limits recharge. Hemmings
et al. (2015a) predict an annual recharge of 10-20% of annual rainfall with a pronounced
seasonality, as 70% of the island's recharge occurs between July and December. Recharge rates
vary significantly both temporally and spatially. Transpiration is especially high in the forested
areas, which limits recharge, while infiltration and recharge rates are high on fresh volcanic
deposits (Hemmings et al., 2015a). Simulated estimates of mean (whole island) recharge rates for
individual months range from 7.2 (June) to 55.8 mm/month (October) for the whole island,

increasing to 217 mm/month in the southern part of the island (Hemmings et al., 2015a).

The Belham valley is the broadest drainage channel on the island with a catchment area of
about 16 kmz (Froude, 2015). It hosts a confined aquifer in reworked gravels and alluvial deposits
at depths between 15 and 38 m below sea level (bsl) (Hemmings et al., 2015a) (hereafter called
the "Belham aquifer"). Hemmings et al. (2015a, 2015b) also propose a second, deeper and warmer
aquifer that feeds the springs of Centre Hills and the Belham aquifer by upflow through a fault and
fracture network. The Belham aquifer is confined by a thin cap (about 1 m) of low permeability
clay and covered by several meters of lahar deposits. In 2003, previously existing wells, drilled for
groundwater development in the Belham valley, were buried and lost under fill accumulations
from lahars. In order to regain back-up water supply, HydroSource Associates drilled three new
wells in 2004 down to depths of 79 m below ground surface (bgs) (MBV 1), 59 m bgs (MBV 2)
and 110 m bgs (test well), respectively (HydroSource 2004). The test well is a pure observation
well, while MBV 1 and MBYV 2 serve as backup water sources, but are not normally pumped for
supply purposes and never pumped during periods of heightened volcanic activity. All wells are
hydraulically connected, evidenced by pumping tests conducted by HydroSource Associates.

These tests also revealed that the tapped Belham aquifer is highly permeable (10-10 m2)
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(HydroSource, 2004). The water is comparatively warm (31° C) and the aquifer is somewhat
buffered from atmospheric and seasonal fluctuations in recharge (Hemmings et al., 2015b),
although the spatial and temporal uncertainties regarding recharge are significant and preclude
well-founded statements regarding the influence of recharge on the wells. In 2012, we operated a
continuously recording pressure logger (sample frequency 0.003 Hz) in the test well of Belham
valley (see online resource 1), which allows the investigation of possible short-term effects in the
aquifer. These data show that the tidal signal in the aquifer is smaller than the general noise in the
data. Tidal responses can only cause hydraulic head changes < 0.5 cm and were therefore neglected
in this study. Comparison with rainfall data showed furthermore that the system is largely buffered

from short-term meteoric events.

3 Observations 2004 - 2006

3.1.  Aquifer head changes

The focus of this study is the analysis, modelling and interpretation of water level data
recorded between November 2004 and December 2006 in the three wells tapping the Belham
aquifer. Provided that weather conditions and volcanic activity allowed access to the valley, water
levels in the wells were measured with a portable tape dipper on a roughly weekly basis, with only
a single larger gap in the data, between 14w of June and 10t of August 2005. The recorded water

level changes (Fig. 2a) indicate three features:

(i) Between November 2004 and May 2006 there is an annual periodicity with a
pronounced increase of water levels (0.4 - 0.8 m) between October and March and a slight decrease

(~10 cm) of water levels during the summer months.

10
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(i1) Over the entire observation episode, water levels increased by almost 2 m. Particularly
after May 2006, this increase follows a general linear trend and even swamps the yearly periodic
signal. This increase seems to have continued in some form after the observation period, because
one of the wells became flowing artesian in 2011 and has been discharging water into the valley

until (at least) 2014 (Hemmings et al. 2015a; Hemmings et al. 2012).

(iii) A notable decrease in water levels by 10 cm is documented between the 25t and 31st
of May 2006. Occasionally, one of the three wells shows a short deviation from the overall trend
but the decrease at the end of May 2006 is the only short-term signal visible in all three wells. We
therefore assume it to be a real effect even though the water level fall is based on just one data

point in time.

The Belham aquifer was saturated during the whole period of observations: using the initial
depth to water level in the wells (between 3.2 m at MBV2 and 6.63 m at the test well) and the
elevation of the wells (about 40 m asl), we can infer that the well water levels were always well

above the upper boundary (38 m bsl) of the aquifer.
3.2. Barometric pressures and rainfall

Barometric pressure variations affect well water levels in a complex way and the
barometric efficiency and its variation with time depend on aquifer properties and hydrological
conditions. The general observation is that in response to an atmospheric pressure drop, well levels
rise and vice versa (Rojstaczer and Agnew 1989; Rasmussen and Crawford 1997). We therefore
compare the hydrologic data with mean sea level pressure changes (Fig. 2b) that were recorded
simultaneously at Montserrat’s airport (168 m asl), which is located between SH and CH (data
provided by Karen Pascal, owned by the Government of Montserrat). Monthly averaged mean sea
level pressures generally display an annual depression between September and November,

11
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correlating with the months with highest precipitation values. Rainfall data collected during the
same time interval by the Montserrat Utilities at the Hope rain gauge document the seasonality
typical for Montserrat, with largest precipitation values between September and November (Fig.

2h).

In order to test the relation between meteorological parameters and the water levels in the
Belham valley, we calculated correlation coefficients of the different data sets, which are shown
in Table 1. Cumulative precipitation and monthly averaged mean sea level pressure (before May
2006) both show a good correlation with the well water level. Daily measured precipitation and

mean sea level pressure data do not correlate with water levels.

3.3 Volcanic activity

The studied monitoring window was characterized by a switch in volcanic activity from magma
chamber inflation and dome-growth cessation (representing the second pause since the beginning
of the eruption in 1995) to magma chamber deflation and lava extrusion at the surface (activity
episode 3 since 1995). The pause of volcanic activity began in July 2003 after a major dome
collapse at SHV and ended in April 2005 with the onset of a series of phreatic and later Vulcanian
eruptions, which were precursory to the beginning of a new dome growth phase in August 2005
(Wadge et al., 2014). Since then, the lava extrusion rate increased exponentially (Fig. 2a) until a
major collapse on 20t May 2006 removed all dome material that was extruded in Activity Phase
3 and remnants of the earlier Activity Phase 2. The collapse lasted 3 h and involved a total volume
of 97x10s ms (dense rock equivalent) (Wadge et al., 2014). The May 2006 collapse was in its
mechanisms (direction, related surges, explosions) similar to the major collapse in July 2003,

which marked the end of Activity Phase 2, but the May 2006 event was smaller by a factor of 2

12
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with regard to dome volume removal (Voight et al., 2006). Dome growth resumed subsequently

after the collapse in May 2006 and remained steady at a high rate until early 2007.

4 Hypotheses

We propose that the observed water level changes in the Belham aquifer can be caused, or
are at least heavily affected, by volcanic processes that induce both long-term and short-term stress
changes leading to poroelastic pore pressure changes in the aquifer. This study focuses on the
investigation of the aquifer response to volcanic strain and demonstrates that this is an essential
component of the drivers behind observed water level changes. This does not rule out the potential
contribution of purely hydrological mechanisms (e.g. hydrological recharge and barometric

responses) to observed water level signals, although these are ignored in the simulations.

Regarding the potential barometric contributions to water level signals, according to Freeze
and Cherry (1979), barometric efficiency of confined aquifers usually falls in the range of -0.2 to
-0.8 cm/mbar. During the observation period, the day-to-day variation in mean sea level pressure
on Montserrat was less than 5 mbar (Fig. 2b), which translates into water level changes between 1
and 4 cm. We can dismiss atmospheric pressure changes as a cause for the long-term water level
increase of about 2 m. The short-term water level fall would require a short-lived, high pressure
weather system on 31 May 2006, which cannot be seen in the mean sea level pressure data set, and
thus this abrupt water-level change also cannot be attributed to an atmospheric pressure response.
Although atmospheric pressure follows a seasonal trend and thus might play a role in the observed
periodicity of the water levels, the seasonal signal in the water level data is significantly larger

than the expected response to atmospheric pressure variations.

13
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Estimation of the potential contribution from recharge variations is less straight-forward.
Recharge in the Belham valley is seasonal and may thus contribute to the seasonal signal in the
water level data. Climate-driven seasonal and interannual recharge variations on Montserrat are
also potentially coupled with recharge changes induced by the destruction of vegetation (and
therefore, transpiration potential) by volcanic activity (Hemmings et al 2015a). While precipitation
did not significantly change (Fig. 2b), recharge modelling by Hemmings et al. (2015a) showed
that, due to lower evapotranspiration and higher infiltration rates, recharge on Montserrat is almost
5 times higher on bare soils and fresh volcanic deposits than on forested regions. Due to the intense
volcanic activity of the last 20 years, vegetation has been damaged or destroyed over large areas
of the island and this likely increased the hydrological recharge. Therefore, a general increase in
recharge in the catchment area could be a contributing mechanism behind the long-term trend of
rising water levels in the Belham valley. To estimate this effect would require piezometric data
with the same hydrological regime as the Belham aquifer but not influenced by the volcano;
unfortunately these data do not exist. Due to the significant temporal and spatial variations and
unknowns regarding the hydrological dynamics of the system (e.g. the hydraulic properties of the
aquifer, its connectivity to recharge locations, as well as the exact catchment area, are unknown),
the explicit quantification of this contribution is beyond the scope of this paper and will be

addressed in a hydrologically focussed study at later stage.

Here, we explore scenarios related to volcanic activity causing the observed signals. The
most prominent long-term stress changes on Montserrat are due to the inflation-deflation cycles of
SHV, however, water levels increased during both repose and lava dome extrusion phases (Fig.
2a). Therefore, the overall trend of water level change is not related to reservoir pressure changes

and lava extrusion at SHV. A short-term signal in water levels could be linked to seismic stress.

14
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However, the seismic record for the time period of the observed water level fall in May 2006 does

not indicate either unusually low or high activity (e.g. Loughlin et al., 2006).

Instead, we propose lahar sedimentation and a dome collapse as driving forces behind

poroelastic water level changes in the Belham valley.
4.1 Hypothesis 1: Lahar loading

The Belham valley was inundated by numerous lahars after the onset of the eruption, during both
repose and extrusion phases (Froude, 2015; Alexander et al., 2010; Donnelly, 2015; Barclay et al.,
2007). Ten and 23 lahars are confirmed or regarded as very likely to have entered the valley in
2005 and 2006, respectively (Froude, 2015). The lahars are caused almost exclusively by rainfall,
which mobilises loose volcanic deposits in the upper catchment and transports material
downstream towards the coast (Barclay et al., 2007). Lahar occurrence is therefore much higher in
the rainy season compared to the dry season, with October showing the highest lahar incidence of
3.4 lahar days per month and February having the least lahars with 0.3 lahar days per month
(averaged from the lahar record 1995-2013) (Froude, 2015). Since flow volume data are not
available, Froude (2015) distinguished lahar sizes based on their duration and flow width: 6% of
all lahars occupied most of the valley floor and lasted for over 24 hours, 29% occupied more than
50% of the valley floor and persisted for more than 12 hours, while 65% were confined to a single
channel and lasted just a few hours. The lahar sediment deposition has led to an average sediment
aggradation of 0.4 m per year, dramatic geomorphic changes - including a significant seaward
movement of the shoreline - and deep burial of houses and infrastructure (Froude, 2015). An
increase in the sediment burden affects underlying water-saturated porous media by increasing the
pore pressure (e.g. Boutt, 2010). We therefore propose that the long-term water level increase in

the Belham aquifer is caused by the increasing sediment load due to repeated lahars (hypothesis

15
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1). Since the lahars are induced by rainfall, cumulative rainfall data are related to cumulative lahar
loading, and the good correlation of cumulative rainfall data with well observations (Tab. 1)
supports this hypothesis. The periodicity of water levels can therefore be linked to the higher
number of lahars during the rainy season and the absence of rainfall-induced lahars during the dry

season.
4.2 Hypothesis 2: Dome collapse

The timing of the single notable water level decrease (31st of May 2006) is significant, since a
wholesale lava dome collapse occurred on 20 May 2006 (Fig. 2a), removing 97 Mms of material
from the summit (Ryan et al. 2010; Loughlin etal. 2010; Trofimovs et al. 2012). The dome material
travelled down the volcano's eastern flank (i.e. away from the wells) and most was deposited
offshore. We propose that the short-term water level decrease in the Belham aquifer is related to
strain induced by the dome collapse. A direct poroelastic response, however, would be immediate.
Additionally, due to the distance of the strain source, a direct elastic response in the shallow,
unconsolidated Belham aquifer will be small or even negligible, because sufficient strain-coupling
requires more competent lithologies at these distances. Therefore, we suggest that the collapse
induced a significant hydraulic head drop in a second, deeper-seated aquifer (in line with
suggestions by Hemmings et al. (2015a, 2015b)), which is more competent and connected to the
Belham aquifer by vertical fractures. This would cause porous and/or fracture flow between the
aquifers and thus explain the time delay between dome collapse and water level fall in the Belham
aquifer. The Belham valley is a fault zone with a fracture network that can facilitate such
connections (Hautmann et al., 2010; Feuillet et al., 2010; Kenedi et al., 2010). Furthermore,
Bouguer anomalies suggest a significant shift in rock density in the Belham valley at depths greater

than 600 m (Hautmann et al., 2013) and, while recent volcanic deposits from SHV are not usually
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of a sufficient Young's Modulus (Young and Gottsmann, 2015), the compaction and hydrothermal
consolidation by geothermal fluid input (proposed by Jones et al. (2010)) could increase the
stiffness of a deeper-seated aquifer. The connection between the aquifers may be intermittent -
fractures can form and widen (increasing permeability) due to seismic or other perturbances and
become sealed again with time (e.g. Montgomery and Manga, 2003, Rojstaczer and Wolf, 1992,

Elkhoury et al., 2006, Shi et al., 2015, Geballe et al., 2011).

Crustal strain due to dome collapse has two origins. The first is unloading of the summit surface
due to the removal of weight. The second strain source is magma chamber inflation as a result of
surface unloading. Recorded strain data associated with the dome collapse in July 2003 were
interpreted by Voight et al. (2006) to indicate inflation of SHV’s shallower magma chamber
shortly after the collapse (see also Chen et al., 2018). Voight et al. (2006) propose that the drop in
lithostatic load due to the collapse led to vesiculation of the resident magma, causing a rapid (about
4 h) build-up of pressure after the collapse. We suggest that similar processes were associated with
the 2006 dome collapse and that the Belham aquifer system responded to these volcanic strains
(i.e. unloading from the dome and short-term increase of chamber pressure) as a poroelastic

medium, which in turn can explain the observed water level changes (hypothesis 2).

Both hypotheses are illustrated in a conceptual model in Fig. 3. In the following we test
these hypotheses and explore the associated mechanisms by simulating the scenarios in numerical

models that account for poroelastic deformation of the aquifer.
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5 Methods

We apply poroelastic models developed by Strehlow et al. (2015) in the finite element analysis
software COMSOL Multiphysics (version 5.1), benchmarked against a known analytical solution
for a poroelastic problem (see online resource 2). While some problems presented in this study
could be solved analytically, we implemented finite element models because they allow us to
include stratigraphy and topography easily. These time-dependent, 2D-axisymmetric models solve
fully-coupled solid mechanics and porous flow equations to simulate crustal deformation and the
resulting pressure changes and fluid flow in a water-saturated, confined aquifer. Additional
hydrological sources and sinks are neglected. The generic models are adapted to incorporate
available information on aquifer properties, strain sources and surrounding lithologies on
Montserrat. We assume linear elastic and poroelastic behaviour of the surrounding crust and the
aquifer domain, respectively. The simulated flow is isothermal. Chosen material properties are
based on literature (Freeze and Cherry, 1979, Fetter, 1994, Wang, 2000, Gercek, 2007,
Gudmundsson, 2011, Adam and Otheim, 2013, geotechdata.info, 2013, Sevilla et al., 2010, Young
and Gottsmann, 2015, Hemmings et al., 2015a). All reference values of input parameters are listed
in Table 2; more details and ranges for parameter sweeps are provided in online resource 3. We
run the simulations with both aquifer properties representing the Belnam aquifer, and for a stiffer,
less permeable aquifer (model acronyms with an “s”-subscript), representing lava or a more

consolidated pyroclastic deposit.

The initial pore pressure in the aquifer is set as hydrostatic. The model solution gives solid

displacement u and fluid pore pressure pr. For comparison with the observed water table changes,

we present model results as the hydraulic head: h = ppig —z (1) (ps: water density, g:
f
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gravitational acceleration, z: depth coordinate), which is proportional to pore pressure and
represents the maximum water level change in a small diameter well in a confined aquifer. As the
wells move with the ground, vertical ground displacement is subtracted from this hydraulic head

change to obtain the relative water level change that would be measured in the wells.

5.1 Models

Our hypotheses involve a stacked, two-aquifer system in the Belham valley with a (possibly
intermittent) connection through pores and/or fracture flow. Since the type and diffusivity of this
connection is unknown, and in order to be able to independently resolve and understand
hydrological processes in response to different strain sources in detail, we set up two suites of
models. The first set of models simulates the effect of lahar loading on an aquifer ("lahar models",
acronym L). The second set simulates aquifer response to strain due to a dome collapse ("collapse
models”, acronym COL). The more complex response of a stacked aquifer system significantly
limits the efficiency of the models and is out of the scope of this study and left for future work.
The presented models assume a confined, water-saturated aquifer that does not undergo significant
temperature changes during the period of interest (for more details see Strehlow et al. (2015)).

These are valid assumptions at least for the local vicinity of the wells, since temperatures have
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been approximately constant in the past (Hemmings et al., 2015b) and the Belham aquifer was

saturated during the whole period of observations.

5.1 Lahar models

To investigate the influence of sediment loading and test hypothesis 1 (“lahar models™,
acronym L), we define the system as shown in Fig. 4a consisting of a linear elastic solid block
with an embedded shallow poroelastic aquifer that is water-saturated and confined. The duration
of the time-dependent simulation is 3 years. We apply a time-dependent upper boundary load to

the surface that corresponds to an annual sediment aggradation a (reference value of 0.4 m/a):

APlahar(t) = Psediment X g Xa Xt (2)

With pgeqiment the density of the deposited sediment and t time. In the first suite of models, we
investigate a (temporally) linear loading. Since lahar frequency is coupled with rainfall (Barclay
et al. 2007), we then adapt the load such that it mirrors the inter-seasonal variation in rainfall on
Montserrat (model acronym Lc): no load is applied in the dry season (February to April), while
the load during September to November is twice as high as in the remaining months, following the
seasonality of rainfall outlined in Hemmings et al. (2015a). The reference lahar model with cyclic

loading (Lc) can be found as an .mph file in online resource 4.

5.2 Collapse models

Fig. 4b shows the geometry used to test hypothesis 2 ("collapse models™, acronym COL),
which includes an approximation of the volcano's topography and its magmatic plumbing system
(magma chambers are represented as cavities in the domain). The aquifer in these simulations does

not cover the whole domain but starts at a variable lateral distance from the volcanic summit: as a
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reference value, we chose the distance from the vent to the Belham valley fault. We simulate
crustal deformation associated with dome collapse and growth, which resumed immediately
afterwards, by assigning boundary loads that represent the two sources contributing to generated
strain: the loading and unloading of the summit's surface by the weight of the dome material, and
the inflation and deflation of the volcano's plumbing system. The duration of the time-dependent

simulation is 200 days.

Loading of the summit: A total rock volume of Vbome=97 Mms (dense rock equivalent) was
removed from the summit during the May 2006 dome collapse (Loughlin et al. 2010). Assuming

a cylindrical dome with a base radius roome of 0.5 km, we can define the unloading function as:

AP, o anse = —Prava X 9 X hgy = 260059 & g X Yoome _ _ _3 15 mpa (3)
coliapse ava av m3 T X rDzome

with p; .., the average density of extruded dome lava (2600 kg/ms) and hav the average height of
the dome at the time of collapse. Most of the dome collapse occurred in less than 1 hour (Loughlin
et al., 2010), so we ramp up this collapse function linearly from 0 to 100% over the duration of 1

hour.
Using the average extrusion rate % of the dome in the period after the dome collapse (which

was roughly constant — see Fig. 2a), we can also define the time-dependent loading function for
the summit during dome growth using the dome volumes in Loughlin et al. (2010):

%4

APgrowth () = Prava X g X t x T X rDzome

Pa
Xt =0.237 TXt 4
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This function is set to start after one hour of the simulation has passed.

Loading of the magmatic plumbing system: Here, we assume the existence of two stacked
magmatic chambers (following Hautmann et al. (2014)) with the lower magma chamber (LMC) at

about 13 km depth and the upper magma chamber (UMC) at about 6 km depth (Fig. 4b).

The derived pressure build-up in the UMC due to vesicle formation and growth following
the July 2003 collapse was about 4 MPa (Fig. 4 in Voight et al. (2006)). Unfortunately, no strain
data exist for the May 2006 collapse. Because the removed dome volume during the 2006 collapse
was about half that of the 2003 collapse (97 vs 200 Mms), we assume a pressure increase of
APypccor = 2 MPa during the 2006 collapse as a first order estimation. This is applied as a

boundary load on the UMC, whereby the load is linearly ramped up over the duration of 1 hour.

For lack of better data, we apply the simplified equation

1AV

AP =27 O

for first-order estimation of depressurization values for the UMC and LMC during dome
growth, using the volume changes derived by Mattioli et al. (2010) for SHV’s third phase of dome

extrusion. Gottsmann and Odbert (2014) infer a range of 1 to 10 GPa for the magma bulk modulus;

we use % = 7 GPa following Linde et al. (2009). The derived boundary loads are APyuyc grow =

—0.4 MPa and AP, = —17 MPa. Due to the simplifications and the uncertainties in volume
changes and the magma bulk modulus, there are large uncertainties associated with these
depressurization values, but they suffice for a proof-of-concept model. To take the uncertainties
into account, we vary depressurization values in parametric sweeps to test the sensitivity of the

model to these values. The third phase of dome extrusion lasted for 627 days; assuming linear
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deflation, we use the following time-dependent functions that are applied as a boundary load to
UMC and LMC, respectively, once the simulation has run for 1 hour (i.e. after dome collapse is

over):

APUMC,grow

627a <t (©

APUMC,grow t) =

AP
APpyc(t) = 62L;/Idc xt. (7)

The reference collapse model (COL) can be found as an .mph file in online resource 5.

Extensive sensitivity studies on input parameters for both lahar and collapse models were
performed. Since the wells are less than 2 km from the coastline, and a lateral connection of the
aquifer to the open ocean is conceivable, we tested the effect of a constant water table at the lateral
aquifer boundary in the lahar models by setting the lateral boundary condition of the aquifer to h
=0 mat all times. We also tested the effect of topography (as shown in Fig. 4b) and a topography-
dependent sediment load on the aquifer pressures in the lahar models. To define the sediment load
function, we used the difference in pre-eruptive and current valley floor elevation as presented in
Froude (2015) (see online resource 6). The explored parameter space and results of these tests can

be found in online resources 3, 7 and 8.

6 Lahar models: results and discussion
6.1 Results of the reference simulation

In the reference simulation of the Belham aquifer, for both the linear (L) and cyclic loading
(Lc) models, the simulated hydraulic head rises by about 2 m during the 3 years of increasing
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sediment load. The cyclic loading is closely mirrored in the aquifer pressure: the hydraulic head
rise is strongest during times of largest sediment load (the wet season) and constant during the dry

seasons, when no new load is applied (Fig. 5a).

For comparison, we also ran the models with a stiffer and less permeable aquifer (models
Ls and Lcs). Under the same loading conditions, the hydraulic head in the stiffer aquifer rises by
only 0.2 m during 3 years of simulation duration. Thus, simulated head changes in the stiffer

aquifer are too small by an order of magnitude (Fig. 5a).

The main deviation between the reference model and observations in the Belham valley
occurs prior to the onset of dome growth (i.e. during the first 212 days). The observed water level
increases between January and March 2005, while the model predicts only a small increase in
January and a constant well level from February to April. Subsequently, observed well levels fall
between June and August 2005, when the model predicts increasing hydraulic heads. After
eruption onset, the simulated hydraulic head largely parallels that observed in the Belham aquifer.
Minor deviations after eruption onset can still be found during dry seasons, in which observed
hydraulic heads fall, while the simulated heads stay constant, and in the period following the dome
collapse, where the observed increase in hydraulic head is slightly stronger and less periodic than

predicted by our models.

6.2 Sensitivity analysis

To investigate the influence of input parameters, we performed parametric sweeps

regarding aquifer properties, the sediment load and boundary conditions. This section presents the
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most important results of the sensitivity analysis, additional information can be found in Online

Resource 7.

Amongst aquifer properties, the Young's Modulus is the most influential parameter. The
softer the aquifer, the stronger is the hydraulic head response to the load at the surface (Fig. 5b-c).
This matters most in stiffer aquifers: while a decrease of the Young's Modulus from 100 to 0.5
MPa has negligible influence, the decrease from 100 to 0.5 GPa increases the final hydraulic head
rise from h=0.1 to h=2 m. Additional sensitivity studies regarding aquifer properties can be found

in Online Resource 7.

We varied the applied sediment load by changing the assumed sediment thickness and
density in the calculation for resulting load. Both parameters have a significant influence on the
resulting aquifer pressure; the higher the sediment density and/or the sediment thickness, the
stronger the hydraulic head rise (Fig. 5d-e). Within the tested range, a hydraulic head increase of

up to h=8 m in the soft, and h=0.8 m in the stiff aquifer is reached after 3 years.

While the hydraulic head in the aquifer is spatially homogeneous in other simulations, it varies
laterally in simulations with a constant water table at the lateral aquifer boundary (representing a
connection to the ocean): the closer to the “ocean”, the smaller is the total head rise (Fig. 6a-b).
This leads to hydraulic head decreases during phases with less or no sediment load due to pressure
equilibration in the aquifer, which is facilitated by porous flow towards the boundary. A similar
effect occurs in models that incorporate topography and a topography-dependent sediment load on
the aquifer pressures: the hydraulic head at the well location decreases during dry seasons as

opposed to staying constant in the reference simulation (Fig. 6¢-d). This is again due to lateral
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pressure variations in the aquifer - the hydraulic head is larger closer to the summit due to the

higher sediment load - which induces porous flow away from the well location.
6.3 Discussion: long-term water level rise by sediment loading

Since rain is the main trigger for lahars on Montserrat, the good correlation of cumulative
rainfall and water level increases supports the hypothesis of increased (cumulative) lahar deposit
loading as a mechanism for the pressure increase in the Belham aquifer. The simulated hydraulic
heads in the aquifer induced by sediment loading are of the right order of magnitude and show
similar patterns to the observed water level rise. However, there are some clear deviations in the
periodicity of the simulated and observed water levels before eruption onset where observed water
levels rise during the dry period in early 2005. One possible explanation is that the seasonality of
the water level signal prior to eruption onset is dominated by seasonal recharge. The recharge
signal in water levels is likely to lag behind the precipitation seasons, thus explaining a rise in
water levels with some delay after the wet season. After eruption onset, more loose sediment is
available and more lahars enter the valley, thus the seasonal signal now becomes dominated by
rainfall seasons. Since our models do not account for recharge, this effect cannot be resolved with

this study.

In the months directly following the dome collapse in May 2006, the observed increase in
water levels is slightly stronger than predicted by our models and lacks the clear seasonality prior
to this event. This might be due to the significant shift in sediment deposition after the collapse,
which led to heavily loaded lahars even during seasons with usually few or no lahars. This effect

was also not included in our models.

Several parameters influence how the aquifer responds to the surface loading, but aquifer

stiffness and sediment load are the most influential, indicating that the hypothesized deeper and

26



561

562

563

564

565

566

567

568

569

570

o571

572

573

o574

575

576

Y4

578

579

stiffer aquifer is unlikely to contribute significantly to the water level signal due to lahar
sedimentation. Boundary conditions come into play in periods representing the dry season, when
observed water levels decrease slightly, which according to our models can be explained with a
link of the aquifer to the ocean and/or topography-dependent loading. There is definitely some
topography-dependent loading as sedimentation in the Belham valley is not spatially
homogeneous. This causes pressure imbalances and thereby porous flow in the aquifer from higher

to lower pressures, leading to the observed water level decreases in dry seasons.

We cannot exclude the possibility of additional factors driving the water level rise in the
Belham valley. In particular, as outlined in section 4, an increase in recharge can be a significant
driver of rising water levels. Our models do show, however, that the effect of lahar loading is
significant, consistent with the observations and causes a non-negligible effect on pore pressures
in the aquifer. The detailed sensitivity studies (see also online resource 7) show that this holds true
for a wide range of aquifer properties and boundary conditions. Hence, in the analysis of well
water levels, the poroelastic effect caused by increasing sediment load must not be disregarded.
The periodicity of the signal may be explained with the seasonality of rainfall and thus lahars. But
this seasonality can also be seen in hydrological recharge and atmospheric pressure and, as
discussed above, there are indications for a seasonal recharge signal in the water level data prior
to eruption onset. Since precipitation, atmospheric pressure, lahars and recharge are all inherently

coupled, it is not possible to distinguish individual signals with the available data.
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7 Collapse models: results and discussion

7.1 Results of the reference simulation

With parameters at reference values, the temporal evolution of hydraulic head in the stiffer
aquifer (COLs) follows loading due to dome collapse and growth closely: the hydraulic head falls
during the collapse to h=-14 cm and then immediately starts to rise again during renewed dome
growth reaching about h=17 cm at 200 days (Fig. 7a). The modelled water level fall during dome
collapse in the stiff aquifer (COLs) is similar to the observed value, but occurs simultaneously with
dome collapse, while the observed drop has a time delay of 6-11 days after the collapse (there are
no data points available between the 25th and 31st of May). The response of the stiff aquifer to

dome growth-related strain is smaller than observed water level increases by a factor of 4.

The hydraulic head in the simulated less competent Belham aquifer (COL) falls by about
0.05 cm during dome collapse. It then continues to fall until about 20 days after the collapse to

reach a minimum of h=-0.15 cm, which is two orders of magnitude less than the observed values.
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Loading due to dome growth then leads to a head rise, reaching h=0.1 cm at the end of the

simulation, i.e. at 200 days (Fig. 7a).

7.2 Sensitivity analysis

To investigate the influence of input parameters, we performed parametric sweeps
regarding aquifer properties and magma chamber loads. Here, we show only the most important

results, additional sensitivity studies can be found in Online Resource 8.

Results of parametric sweeps on the aquifer's Young's Modulus (Fig. 7b-c) indicate that
the difference in stiffness between the two types of aquifers is the main cause for the differing
hydraulic head changes in response to dome collapse. Generally, the larger the Young's Modulus,
the larger are the decreases in hydraulic head following dome collapse and the increases in
hydraulic head during dome growth. Increasing the Young's Modulus of the soft aquifer to 100
MPa increases the head fall to h = -1 cm; the largest head fall is reached for E=50 GPa with h~=-14
cm. Additionally, the time between dome growth onset and onset of hydraulic head rise is shorter

the larger the Young's Modulus.

Aquifer depth also significantly affects the resulting hydraulic head fall in the COL model
suite. At a depth of 1.5 km, the simulated collapse-related fall in hydraulic head in the Belham
aquifer is h = -11 cm (Fig. 7d). In the stiffer aquifer, hydraulic head fall is smallest for an aquifer
depth of 1 km, and is larger for shallower or deeper aquifers (Fig. 7e). However, the influence of
aquifer depth on changes in hydraulic head in the stiff aquifer is small in comparison with other

parameters.

7.3 Discussion: short-term water level fall by dome collapse-related strain
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As expected (see section 4), simulated strains related to dome growth and collapse cause a
very small response in the reference Belham aquifer. Simulated hydraulic heads fall to their
minimum values with a time delay of several days after the dome collapse, but the fall is two orders
of magnitude smaller than observed. Many parameters influence this result (see also online
resource 8). However, the only model which produces the observed magnitude of hydraulic head
decrease in a soft aquifer invokes a 1.5 km deep aquifer (Fig. 7d). The observation wells tap a soft,
shallow aquifer, which therefore, according to our models, would not respond to dome-collapse

related strains.

Since it responds to sediment load, the Belham aquifer would also respond to erosion, i.e.
the removal of sediment burden. The long-term trend in the valley is sediment aggradation but
during individual events or episodes, local erosion commonly occurred in the form of channel
incision (Alexander et al., 2010, Froude, 2015). We therefore tested whether this could be an
alternative explanation for the water level fall after the May 2006 dome collapse, which was
followed by a period of intense lahars. But the simulated channel incision only causes a sufficiently
large hydraulic head drop if there is large scale (at least 50 cm deep), almost valley-wide (50-100

m wide) erosion (see online resource 9), which did not occur.

However, dome collapse-related strain produces the right order of magnitude of hydraulic
head fall in a much stiffer and less permeable aquifer. As expected for a poroelastic medium, the
simulated response is instantaneous, while the observed response is delayed by at least 6 days. The
hydraulic heads in this aquifer increase in response to dome growth, to about 25% of observed

values.

Model results for a stiff aquifer hence support the hypotheses that the shallow Belham

aquifer is connected to a second, stiffer aquifer and that the significant pressure drop due to dome-

30



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

collapse in that stiffer aquifer leads to water leakage from the Belham aquifer. This would then
cause well levels in the Belham aquifer to drop with some delay. Hemmings et al. (2015a, 2015b)
have already proposed the existence of a deeper aquifer in the Belham valley. As discussed in
section 4, an increase in rock density and competence at greater depths is reasonable and it is likely
that the deeper-seated aquifer is connected with the Belham aquifer by vertical fractures. The
connection between the aquifers may be intermittent or permanent. If the Belham aquifer is fully
connected to a stiffer aquifer at all times, the pressure increase in the stiffer aquifer due to dome
growth could be contributing to the observed hydraulic head rise. The well level rise can be
explained solely with lahar loading, but parameter uncertainties in our models are such that we

cannot discard processes with certainty.

For a first-order investigation, we ran an additional simple 2D simulation, incorporating
two stacked aquifers that are separated by an aquitard, but connected by vertical fractures (see
online resource 10). Initialising the deeper aquifer at a hydraulic head of -0.1m indeed leads to
downward fluid flow through the fractures and a hydraulic head fall in the upper aquifer reaching
-0.09 m after 11 days with the chosen parameters. This further confirms the feasibility of our
hypothesis, although the uncertainties regarding geometry and material properties are significant.
More sophisticated modelling and detailed parameter studies of such a two-aquifer model, in
particular one that also incorporates the lahar loading, is beyond the scope of this study and left

for future work.

No strain data exist for the time period considered here. Data series from the GPS network
show no clear indication for ground deformation at proximal sites and no evidence for any
deformation in the Belham Valley associated with the dome collapse in May 2006 (Pascal et al.,

2017). Under the assumption that the well level changes are indeed caused by dome collapse-
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related strain, we can utilise these to draw implications about crustal strain. We applied two strain
sources during dome collapse in our simulations: pressure build-up of the UMC and unloading of
the summit. Both sources can cause a hydraulic head fall of similar magnitude and most likely
acted together (see online resource 11). Therefore, the water level record indicates a pressure build-
up in the upper magma chamber during a dome collapse, supporting the conclusions drawn from

strainmeter data in 2003 by Voight et al. (2006).

8 Conclusions

Volcanic strain has been the suggested driver behind water level changes at many
volcanoes, but this process has so far not been sufficiently quantitatively tested. Strehlow et al.
(2015) developed numerical models to investigate a hypothetical scenario of poroelastic aquifer
responses to magma chamber inflation. This study has now extended these efforts by adapting the
models to a real field scenario with specific water level observations, illustrating that poroelastic

effects are not purely theoretical but can play an important role in real monitoring data.

Even though the results do not perfectly match the observations, the presented simulations
can help to decipher origins of observed water level changes in the Belham valley on Montserrat,
that comprise both a long-term well level rise over the period 2004-2006 and a short-term water
level fall in May 2006. Simulated pore pressures in the Belham aquifer increase significantly due
to the long-term sediment deposition by repeated lahars in the valley, which in turn leads to a well
water level rise. While not notably affecting the Belham aquifer itself, simulated crustal strains
associated with the dome collapse in May 2006 lead to a significant water level drop in a more

competent aquifer. Thus, water could leak from the Belham aquifer e.g. through connecting
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fractures, into a deeper-seated, stiff aquifer, thereby causing a noticeable well level drop days after

the collapse.

Therefore, the suggested conceptual model shown in Fig.3 represents one possible
explanation for the water level observations between 2004 and 2006: We suggest that both
sediment accumulation and dome collapse significantly affected the hydraulic head in the Belham
aquifer on different timescales. While additional hydrological drivers cannot be excluded with
absolute certainty, the suggested processes can serve as a possible explanation for the observed

water level variations and cannot be neglected in the analysis of well water levels.

Our study shows that groundwater dynamics in relation to volcanic activity as predicted
from theoretical modelling (Strehlow et al. 2015) can indeed be witnessed in field observation data
and that volcanic strain from various sources strongly affects water levels in regional aquifers on
different time scales. Therefore, this study represents an intermediate step between the theoretical
analysis in Strehlow et al. (2015) and the incorporation of water level observations in volcano
monitoring systems. The inferred underlying processes are not unique to the island of Montserrat
and as such make our results transferable to other volcanic and hydrological settings, where the
observation and interpretation of water levels can also provide important insights regarding the

state of volcanoes.

8.1 Future work

While our study provides a possible first-order explanation for observed water level
variations in the Belham valley, there are still deviations between the model results and
observations and our models include several simplifications and unknowns. To fully exploit the

potential of water level observations within volcano monitoring systems, both further development
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of the numerical models and more sophisticated hydrological data acquisition and analysis are

necessary. We recommend:

A quantification of seasonal and long-term variations in hydrological recharge, and
incorporation into the models.

The development of full three-dimensional models to truly incorporate topographic and
stratigraphic features of Montserrat both on-land and offshore.

The development of a stacked two-aquifer model that combines the effects of strain due to
lahar loading and dome collapse in one simulation.

The set-up of inversion models to acquire a best-fit model to the observations.

(For any volcano:) The routine acquisition of high-quality, high-resolution water level data,
in order to resolve barometric and tidal effects on the aquifer. Since tidal strains are known,
the response to tides can then be used to calibrate water wells as strainmeters and help to

ground-truth numerical models (e.g. Roeloffs 1996; Wang 2000).
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Tables

Table 1: Correlation coefficients of different data sets with water levels in the Belham valley wells. Size

of the water level data set is n=92

Data set Correlation p-Value  Size of dataset
coefficient

Precipitation (daily) -0.02 0.57 791
Precipitation (cumulative) 0.96 <10+ 791
Mean sea level pressure (daily) 0.13 4x10-4 784
Mean sea level pressure(daily) — pre-collapse 0.28 <104 563
Mean sea level pressure (daily) — post-collapse -0.33 <104 221
Mean sea level pressure (monthly) -0.26 0.21 26
Mean sea level pressure (monthly) — pre-collapse 0.9 <104 19
Mean sea level pressure (monthly) — post-collapse 0.25 0.54 7
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939  Table 2: Reference values of input parameters. Abbreviations: B-aq = Belham aquifer, S-aq = Stiff
940  aquifer, BW-coeff. = Biot-Willis-coefficient, Young's = Young's Modulus, Cap = the impermeable layer

941  above the aquifer

Parameter

Symbol & reference value

Parameter

Symbol & reference value

B-ag BW-coeff.
B-ag permeability
B-aq porosity
B-aq Young’s
B-aq density
Aquifer thickness, L
Aquifer thickness, COL
Crust density
Crust Young’s
Cap density
Cap Young’s
Poisson’s ratio

UMC centre depth

a=10.7
Kk=1x10"1"m;
¢ =035
E4q = 10 MPa
Paq = 2000 kg/ms
dgg =50m
daqg =200m
depth-dependenta

depth-dependents

Peap = 2000 kg/ms
Ecqp = 10 MPa
v=023

Zymc = 6 km

S-aq BW-coeff.
S-aq permeability
S-aq porosity
S-aq Young’s
S-aq density
Lateral distance
Aquifer depth
Water compressibility
Water density
Water viscosity
Sediment aggradation
Magma bulk modulus

LMC centre depth

a=0.3
k=1x10"1*m:
$ =01
Eqq = 50 GPa
Pgq = 2800 kg/ms
L =3km
Zgqg =50 M
x =4%x10710Pay

p, = 1000 kg/ms

u =103 Pas
a = 0.4 mla
1
- =7GP
3 GPa

ZimMc = 12.5km

APLMC =—-17 MPa

UMC depressurization APumc,grow = —04MPa | MC depressurization

TUMC = 125 km bLMC = 2 km

UMC radius LMC vertical semi-axis

APypyc cot = 2 MPa cume = 1.7 km

UMC pressure increasec LMC horizontal semi-axis

Sediment density p, = 1800 kg/ms
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aBecause the crust gets denser with depth, we use p, = 2800 kg/ms for depths <2 km and a p —vs-depth

function for greater depths as defined in Gottsmann and Odbert [2014] and Young and Gottsmann [2015].

bBecause the crust gets stiffer with depth, we use E. = 5 GPa for depths <2 km and a E-vs-depth function

for greater depths as defined in Gottsmann and Odbert [2014] and Young and Gottsmann [2015].

cduring dome collapse
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Fig. 1: Overview map of Montserrat and a zoom in on the Belham valley, with indicated well locations

(MBV1, MBV2 and Test), the three volcanic centres, lahar flow directions, Montserrat's airport and the

Hope rain gauge.
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Fig. 2: (a) Water level changes in the three observation wells in the Belham valley (owned by Montserrat

Utilities) and dome volume after Ryan et al. (2010). The final depth to water level was 3.87 m for MBV
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1, 1.29 m for MBV 2 and 4.7 m for the test well. Water level data can be found in online resource 12.
Inflation and deflation-phases of SHV’s edifice are indicated, as well as the modelled water level fall in
May 2006 (pink box) and the simulation periods for both lahar and collapse models (green boxes). (b)
Cumulative rainfall data (owned by Montserrat Utilities, from the Hope rain gauge (see Fig. 1) ) and
mean sea level pressure at Montserrat’s airport (data provided by Karen Pascal, owned by the
Government of Montserrat). Rainfall and sea level pressure data can be found in online resource 12. Wet

and dry periods are indicated.
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Fig. 3: Conceptual model / hypotheses for hydraulic head changes in the Belham aquifer. The general
background situation involves pressure increase in the Belham aquifer due to lahar sedimentation in the
valley and a consequent increase in surface load. A transient occurred during the dome collapse, when
unloading of the summit and pressure build-up in the UMC led to dilatational strains that caused hydraulic
heads to fall significantly in a deeper-seated, competent aquifer. This led to water leaking from the Belham

aquifer through a (possibly temporary) fracture network into the deeper system.
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Fig. 4: The lahar (a) and collapse models (b). Topographic height of the summit is 1000 m.a.s.l., radius of
the loaded area on the summit is 500 m. Lateral boundary has a roller condition (free lateral, no vertical
displacement), bottom boundary is fixed. In (a) the whole surface is loaded according to lahar sedimentation
as given in equation 2; in (b), the surface is free. The boundary conditions bordering the aquifer domain are
(i) no flow and (ii) continuous stress and displacement. In the dome collapse model, a more compliant zone

in the centre of the summit is included with E=0.5 GPa, following Young and Gottsmann (2015). Within
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the different layers, material properties are considered isotropic and homogeneous. Groundwater flow is
limited to the aquifer domain. Well location in models including topography is indicated in (b). In models
without topography, hydraulic head changes are evaluated in the centre of the domain (and are the same
everywhere in the model) unless otherwise noted. The magma chambers UMC and LMC are represented

by loaded cavities in the domain in (b) (indicated in red).
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Fig. 5: (a) Hydraulic head changes with time calculated in different models for a long-term water level
rise by sediment loading (both linear and cyclic loading applied to the reference Belham aquifer
(models L and Lc) and a stiffer aquifer (models Lcs and Ls)), in comparison to observed changes in the
water level of MBV 2 from January 2005 onwards. Wet and dry seasons, as well as the timing of
eruption onset and dome collapse are indicated. (b)-(e) show results of selected sensitivity studies on
Lahar models with cyclic loading: Hydraulic head change with time for a varying Young's Modulus of

the aquifer Eaq (b, ¢) and varying sediment density p and aggradation a (d, €).
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Fig. 6: Results of selected sensitivity studies on Lahar models: Hydraulic head change with time for
different distances from the ocean, with a constant water table as lateral boundary condition and cyclic
loading (a, b); hydraulic head change with time for topography-dependent surface loading, showing
both linear and cyclic loading (c, d).
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Fig. 7: (a) Hydraulic head changes with time calculated in models for the water level response to dome
growth and collapse (for the reference Belham aquifer (model COL) and a stiffer aquifer (model
COLs)), in comparison to observed changes in the water level of MBV 2 from the moment of dome
collapse onwards. (b)-(e) show results of selected sensitivity studies: hydraulic head change with time

for a varying Young's Modulus of the aquifer Eaq (b, ¢) and aquifer depth zaq.
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